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ARSTEACT

A surgieal approach wo the cetacean (Tarsiops trencectas and
Lgeworfyrechius obfigeidess) ear represented g

umigque problem, The fivst

abstacle wis the development of a safe aned homane anesthesia procedure and
teghnigues of leng-term phvsbelogical mainenance of the animal during sargery.
The =zurgical anatomy was o chillenge especially hecause of the exiensive
venpu s plexnses that invest the oncree car and adnexa, The corpus covernasam
aaroitidis and other small avverial nevworks course theough this venous mass
saldivm pentechal-halothane anesthesin and carcful physiclogical monioring
wers determained o be ndegquate for leng-tevm mainenance during sucgery and
cochlear recording experiments. A specially designed surgical mank held the
inimaal doring the procedure. Immersion in water relieved the lunges of exiernal
pressure that ordinarily occurs, when the animal is our of the waier, due io
thoe flecsible thosase Thermorerolation wis provided for by resuladng the water
temperiture in response fo the dolphin’s core wemperare, This arcangement
alse provided for underwater auditory simulation and easy manipulation of the
anbmal sinee dolphins with their lungs inflared are close @ newtral boovancy.
1t wis mecessary o ligate the exiernal and inwesnal careeid arteries, neither
of which =supplies Blood e the ear or brain, Hemostasis in the massive venons
plexus could be achieved only by pariinl removal and subsequent application
of axyoel and surgical cement @ effectively dam off the area of the round win-
dow and other ear swocwees for olecerical potentinl recording and  cxperd-

ricn bicl minipulictien s,

With this technigque the round windew of the cochloen was exposed. Fully
anesthetized animals were maintined for periods up éo 24 howrs while clecwe-
phyysiclogical mewsurements were being made, Somee of e aoditory measure
ments required forther sucgbeal mmanipulation of the auclitory meatus, hulla,
asbewlar clhiain and other mid leeear sirue ares,

Cetaceans lack an external ear or pinna,
buc it has been koown for o long tme
that they can hear, Pindar, who lived foom
about 522 0 422 ne, claimed that dolphins
could be attracted by a flute or lyre, and
Aristotles was surprised that they fed from
all kinds of noise despite their apparent
lack of an auditory passage {Slijper, "58).
Several theories have been put forward
e explain how cetaceans hear, These vary
widlely, from the carly suzcestion of Cam
pET (1787 that these animals hear |:|:|'||,:|'
sounds  prodoeced in oair and then only
when the head is owt of the water, o the
more recent hypotheses of Morris (680
Most of the theories of cetacean hearing
have been weated in the additional works
of Yamada (533, Revsenbach de Haan 0587,
Fraser and Purves (600 and Dudok van
Heel (G2).

1 Exv Zoow., 1a&: 26EG-274.

Schevill and  Lawrence (53] reported
that bottlenosed delphins responded 1o fre
gquencies above 1000 kIz Later Johnson
(G5 produced the first detailed  audio-
CrAm al a cetacean and showed that Tur
stoes truncatus had broad-band  bearing
cxtending o 150 kHz Through thess and
numerous cther investigations, it has been
catablished that cetaceans have a kean
sense ol hearing, It owas clear, howover,
thiat the theorics of how the cetacesn au-
ditory mechanism worked had muldplied in
the absence of detailed physiologionl and
anatomical observations in the acoustic ap-
paritus, Therciore, we set out w0 study
auditory furncton in the living animal, The
cochlear-potential method was chosen ag
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the best means for a functional analysis
ol the physiclogical and anatomical mech-
andsmg invelved in dolphin hearing ¢ Me-
Cormick et al., "T0L

For this invesigation, il was necossary
tia develop a surgical approach o the ear
af two amall cetaceans the Arlantic bot-
tennsed daelphin (Tersiops Srancatues) and
the Pacific white-siriped dolphin (Lageno-
rhyicheas ebliguidens), In 19684 when the
first plangs were made for these experi-
ments, several obstacles were yet o be
overcome before a long-term sorvgical pro
cedure could be performed on delphins,
Theze included the following: (a) the de-
velapment of wechnigues and physiological
monitoring capabilitics suitable for main-
taining the anfmal in surgical anesthesio
for peviods of time up o 23 hours, (B)
the development of a techmigque for hold-
ing the animal for long periods while the
surgery was being done and the recordings
made, () the determination of supporiive
sbeps necessary during the prolonged amnes-
thesia and majer surgical procedure, (d}
the identification of anastomical landmarks
of the surgical site and determinaton of
the best surgical approach o the roond
swincdow ard reddedle ear,

Awnvestivesia awd physiological
manitoring

The anesthesia techndque that was wsed
for these experiments was the one de-
seribed By Ridgway and MeCormick (67,
Tl

Mo preanesthetic agents ether than atro-
pime (2 mped100 kgl were given. Morphine
appears e be more excitztory than de-
pressive in dolphins (Hidzwsy, 63, Tran-
quilizers were avolded becavse ol their
detrimental effects on temperature rego-
lation {Ridgway and MoCormick, 715 This
iz especially imporcant for dolphins under
BTGy for medical reasons sinee the ani-
mal must be placed back in the wataer o
swim as soon as possible after an opera-
vicn B% completed iF it is o bave the best
chances of survival. Drogs that peodec e
ripheral vasedilatation divestly or through
ganglionic hlockage or effocis on the hypo-
thalamus may produce a sharp drop in
body temperature when the animal i= re-
turned o its ponl, Warer ransporis heat
away frem the submerged body over 20
times s fast as does air (Deckman, 630,

Mo CORMICE AMND E
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Thus dvugs that cause peripheral vasodila-
tation  al=c allow the body heat o s
rapidly dnto the water,

Induction of anesthesia was accomplished
by the inravenocus injection of 10-15 mg!
kz of sodinm thiopental in 2% solution.
This rapidly relaxed the animal and hali-
ed  respiraviorn.  The rcespiratory relexes
were alwavs among the firse o be de-
pressed when a delphin was anestheized
{H.'idgw’:‘l].' armd MoCarmick, "T"],_:l, The: mowih
could now be opened, the glotis pulled
torward and doswoward feom its normal
intranarial positicn and an endotracheal
tube inserted. Respiration was makniained
by a Bird respivator with an apneustic
platean contrel device that emabled the
maching w omimibe the normal respivation
of the dolphin, Thus the lungs were rapid-
Iy inflated, held inflated for 1530 seconds
and then defated and rapidly flled again,
The importance of this type of respiratar
rather than the swandard human or ani
el maching should be cmphasized.

The two species with swwhich we worked
{'n".lr.l.-.n:-:.lpﬁ Hraneais and ,|'_,.;'.'_r||.¢':-.!{.-r.|'z.l.'r||;'|'|ar.5
cbligaidens) exhibit =ome adaprations in
pulmonary strucoare that are comman o
most adontocetes, These include: (&) a
heavily srmoved cartilagioows bur vesilien
branchial teee with caveilage extending
right down w the alveoli, (b)Y muscular
aphincters within the bronchi that appear
|.‘::1.p:i|:'&-||.: af Serprating thie lower bBronchi
imte compartments, (o) thick alveolar walls
that contain owo rows of capillavies racher
thar _'illﬁ! QI and (1 a J;l,rg_a_‘: ammount aof
elustic tissue. This pulmonary  amatomy
has been reviewsd recently by Simpson
and Cardner (5720,

These dolphing breathe bwe or theec
times each minute, Each breach iz a deep
one, The tidal air exchange is about K%
(Teving e al, 400, Ceipceans inhale ae-
tively and exhale passively as does man
(CHsen eroal, 691 Hewever, passive ox
halation of 50% of the lung air with each
breath requires a great deal of elastic
recoil |:|‘:.-' kv ||.lr:|ﬁﬁ. The -:]||||'|'I|i||':~; flexibic
thorax collapses as pressure increases dur-
ing a deep dive and the lungs muse respond
to the corresponding pressure changes as
the pulmonary gas compresses and  ex-
paneds CHidgway et al., 69 These laciors
probably account for the large amount of
elastic tissue chat the lungs contain. When
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standard buman or animal resplvators are
weed, insufficient inflation time is achisved
tx permit adequate oxygenation of the
blood, Although we have maintained one
dolphin under surgical anesthesia using 2
standarvd respivator swithout an apneuasdc
platcau, the arterial poe slowly declined
and could not be maintained at safe levels
for over one hour withowt relnsttuting an
apmeustic platea,

After Inductlon of anesthesia the heart
beat, rather than following its nermal
respiratory  arrhythmia, booomes  steady
al B0 we 120 beats per minute depernding
somewhat on che sice ofF che animal (arger
specimens having slower rates). Figure 1
chaows the heart rae in & T, Sancatis
just before and just after pentothal admin-
igtravion. Preanesthetlc awopine was oot
given o this andimal. As the barbiturate
ook effect, the heart vate increased o
about 140 per minute, levelled off for a
time, and then declined o a steady level
ol about 100 beats per minute,

As soon as endotracheal intubation was
achieved 2% halothane was administered
through a Fluotes vaporizer on the res-
pivator. Atfter two or three minutes at this
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conceniration, the halothane was reduced
to about 1% 0 From this poiot on the halo-
thane was regulated according to muscw-
lar voflexes, peneral physiclogical state,
and the anmimal's heart rate. The heart
rate tended to incresse as the depth of
anesthesia decreased. Frequency and depth
ol respivetion were controllel in response
to blood gas measurements taken at inter-
vals of from 5 o 30 minwtes [rom the
central artery of the tail fuke or from
one of the cawdal arteries running along
the il siock.

The surgice! tank

[ oure fiest soeries of experiments the
animals were held on a stretcher suspend-
ed over and partly within a small tank of
witer, This was the method wsed for all
previous dolphin surgery. The more pro-
longed of our eaclier operations were ab
dominal surgical procedures in which the
animal was placed on s back thos allsvi-
ating to & certain extent the pressure of
body weight on the fexible rib cage. For
ear surgery the amimal bad o be posi-
tioned on its side. We soon learned that
the welght of the body Imposed a serlous

ROLPHIN HEART RATE

153 o * *
15n[

140 =

EE LR

153 -
LETN S
i e
mwe -
gb F
B0 -
Pl
Bl

BEATS PLR MINUTE

an F
m r
o

1 i 1 1 '] ] 1 '] 1

.

Ne

& HHEATH
o OIMJECTION BEGING

i I i i i i i i R |

[T CHN - T L - i

135 150 165 @p m: 200 2S48 23 IO

SECOMNDE

Fig 1

The: heart fate in a Terziogs froveciv: @5 shown just before and just afier iniravenoos

amjetion af pentathal, Preanesthetic atrapine wis not given o thhds animal



268 5 H, RIDGWAY, 1. G
ool om the heart and lungs and  ham-
pered their action. This effect was evident
alter anly & few hours, although we were
able te mainin animals up o 20 hours
in this manmner.

Ancther method was developesd so that
the animal could be held susponded  in
water durtng the entire period of the op.
eration anl experimental session. For this
we used a stainless stesl tank 3 om o=
G om 820 om (fig, 2), The dolphin was
steapped on the standard siretcher (Ridg-
way and MceCormick, '67) for induction of
anesthesia, As soon as the animal was
undor anesthesia, 10 was teansforred fo the
water-filled tank, In the wmnk it was sos-
pended on soft padded seaps, but since

Fig. 2

MoUDEMICK AND E. G, WEWVER

the animal was almost entively imomersed
very little weight rested on the soaps.
The temperature of the tank water was
regulated in response 10 the dolphin's
desp recial temperature which was meni-
torecd] constantly. In this surgical tank we
malntained antmals for up 1w 249 hours
in an excellent phvsiological state. [0 ap-
poared that these experiments could have
proceeded congiderably  lonper shoold it
have boen advantageous w do so.

Suppartioe proceaures

Throughout the long period of anesthe-
zla the hearl action was moanitored wich
an electrocardiescope { Elecmrodyne PRMS-3).
Body temperature was measured with a

This drawing slows the siegieal ank with o delphin in the customary position wossl Ton

var surpecy, The Bird 3Mack 3 respacador widh apneasoe condral unte ks also shown.,
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thermisior probe inseried 253 cm into the
ricbum and maintained berween 360 and
AT.5% O Venouws and arterial blood sam
ples were laken from the tail fluke at
intervals of 15 o 30 minutes for deter-
roination af ]]i}_-, . anil Pl Arterial
vidues were maintwined as follows: pd, 95—
120 mmBg, pH 7.2-7.4, pCOs 305
mmbig, Arterial pressure and central ve
nos pressure wore monitored, and Ridney
perlesion was determined by measuring
the wurine owtpot Bespiration and  anes-
theue admindswation were regulaved by
this constant check of physiological values,

Blood koss was unavoidable when g large
portion of the massive plexus thal sur-
rounds the ear had w be vremoved w0 Eain
aceess W the round window, In o few in-
stances  ransfuston was considered  ad-
visable. Differences in dolphin blood groups
are of clinical significance (Myhre et al.,
F) Therefore, it was necessary in -
vance of the operalion o cress-match the
Blood of the prospective subject with blood
from other delphins in cur colony. Suit
able domors were selected and two or three
liters of compatible blood were kepl on
hand for ransfoston.

From timec to time recording sessbons
were interrupted by insaoluntary concroc-
ticon of certain muscle groups. When this
occurred, after six o elght howrs of anes-
thesia alter rl?:-:'.ﬂ!'-:]illg il I‘_Ilﬂll_l:l,:l]'_ll wir -
ministersd intravenous Flaxedil (gallamioe),
This caused muscular relaxation for about
A0 minnpes.

To THE DOLPIHINS

AT SEH
Intrevascilar ot aid [olex
imdoction fechnigee

The initia] dissections for working owt
a swrgica]l approach were carried ocut an
several specimens of T truncedas aod one
of L. ebliguidens that were chiained from
various oceanaria in Californi o Flovida.
Inp all of these cases the animals bad died
from watoral cauvses. We were able 1o
abiain -;_:ll-.’:-l.lp:]'l af these specimens 0 work
out an approach for owr first surgical
procedure on a live anbmal. For assistance
in disscction and idendfication of parts
we referred o the papers of Muorie (1874}
Roenninghaus O, Burne U552, Lawronce
anl Schevill U651, and Galliano et al, (66,

One fresh carcass, a 100-kg female T,
Mrtneaiies, Wik F'Hfl'fllﬁ-e":l:r with lalex i et
ced intravascularly, The thoras was opened
and a large cannula was placed in the
AGria einling c_:l:t'&-h::].'lﬂ. s -:_':t;llll,l.,:].;l,ﬂI
one directed cawdsd and the other cepha-
lad, were placed bBoth in the exesmal
carotid amd in the exwernal jugolar vein,
Perfusion Huid was pumped  alternacely
through the two carotd cannulae and the
aortic cannula, The jugular cannulae pro-
vided drainage. After the vascular system
hadd Been washed with G0 lieers of Ningor's
solution, 120 liters of 10%  formalin were
pumped through, The arterfes were then
injectsd with 4 liters of pink latex and the
venous systom was injected with 5 lioees
of Bilwe latex adminiseered  cheough the
Jugular wein, The animal was placed in a
large formalin-filled tank for dissecvion
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Fig. 3 The site of surgical ncisian is illusirated abowve ond 2 wiew af (he Lol side of the head widh
the skin, blubber, fascia, and superficial muscalames removed appears below,
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after the latex had hardened. Figares 3
throwgh 9 were developed peimarily from
disseetions of this animal,

Description of the acbial surgoery

Mormally, the animal was positioned
withe its left side down as shown in fig-
ure 2. However, some of the operations
were done on the opposite side. As shown
in figure 3. an incision was made from
above the extermal auditory meatus 1o
the anterior nseceien of the Oipper, aod
the: skin and blubber (epidermis, dermis,
and hypodermis) were removed. The super-
ficial M. penwicalus cornoses and is Tas
cia were also removed from the area. This
exposed the large M. sestolwmeralis which
runs from the mastoid process of the tem-
poral bome just dorsemedial o the audiory
meatus o the medial aspect of (he hewd
of the humerus, A lacge Iymph node lies
dorsal to the muscle and owe smaller nodes
lie on itz veniral margin, The external
juguim' VEINT  Conrses E,:-l_:l:l.'l.'-e:-e::n the most
cephalad of these small nodes, goes be
neath the M. mestcheoneralis, and crosses
between this muscle and che large M. ster-
nornastoidens beneath, Merves crossing the
M. wmeastohwmeralis ware transected as the
muscle was dissected free and cut near its
cephalic inscribon and refllecied hack, ex-
posing the M, stervomaestoidens and the ex-
terreal Jugolar vein, Arteries and wveing of
the muscle were ted off as i was reflecied
(g, 5 and care was taken not o damage
the external jugular vein since (L crosses
the ventral surfaece of M. mastohimerplis,
W frequently used the external jugular
viein for drawing blocd samples or for
passing a catheter for the monitoring of
central venous pressure,

The M. slernomasioidens was clamped
near its cephalad insertion and cot. Re
Hection of this large double-headsd muosele
exposed  the internal juzwlar  vein, the
external carotid artery, and the articula-
tion beiween the hyckd bone and the soy-
Ikl process st the oympenchyal cartilage.
The external carcod arvtery §s Large and
5 surrounded by a venous plexus which
cormrmunicates freely with the invernal jug-
ular wein which liss dorsomedial e it
The N Rypeglossps and N, geocessorins
cross just caudad w the svmpanaehval car
tlage ard go baerally between the inter-

MoCORMICKE AMD E (.
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nal jugular vein and the cavotid artecy.
The N, vagus emerges with the former
nerves, bt continues in a cawdad diree-
tion just medial to the intermal jugular
vein, The small cavotid ariery liss adja-
cent to and just medial 1o the vagus nerve.

About two centlmeters of the ventreal
margin of the styloid process was then
rongeursd away - ifig. Gl This was done
carvefully with 1he assistance of poriosten)
elevators =0 that che internal pericstewm
was  preserved ineact with the massive
vernous plexas behind it

The wagus nerve was gently dissected
away from the intevoal carotid aveery {fig.
Ty oand the artery tied off with umbilic sl
tape, The external cavotid arvery was also
ted, The inwernal cavotid  supplies he
corpus  covergosum of  the  middle ear
(Boenninghaus, '0d) and the external ca-
rotid supplics much of the head including
various smaller arteries in the cephaladd
portion of the sucgical site Meither of the
carotids appears o supply blood to the
brain or cochlea, The exposed perksienm
was cut away as was the upper end of che
tvmpanohyal cartilage. This cartillage was
remgved along with much of the venous
plexus underneath, This venous  syaem
15 extensive and imerconnested with the
VETIOLES ph’*?«!lml:s af the By and the other
ear by way of the ventral cramial sault
g, B os0 that hemosiasis cannet be obs-
tained by ligating  vesscls, We therefore
had o conswuct a dam and seal ofl the
surgical area with oxyveel and  suregical
coment (lsebutyl, Ethicon, oo, Somerville,
Few Jersey).

The e=xiernal postecior lobe of the vm-
panic bone was cxposcd (He. ¥ oand more
supporting fibrous tssue and venous plex-
ws were removed gradeally until the rouncd
window of the petrous (perictic) bone was
exposed (higs 8, 100 Figure 9 shows the
relaticnship of the car bones to the carocid
arteries, awdiioey meatus Cand  auricalar
cartilagesy, N, varas, N hgpoglossas, W
glossopiaryngens, N, goceasorins, the mas-
sivie venous plexus, and the posterior mar-
gin of the mandikle,

Afer an elecirode was placed on the
rourl window of the cochlea ard elecirn-
phvsiological recording started, the experi-
mental program often called for surghbeal
inwerference with varvious smociures assoe
ciated with the suditory apparatus, The
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This drawing lenvwe a banteral wiew al ihe surppeal =ige widgh che ear B es e e

EplTh
al

reteTior view on the right.

e terral :.-urfil-::-r1_.' s dus was bisecied in
several places, from just beneath the epi-
dermis o les poing of enwy inen the aadi
ey Bualla. Try ornes best ghee IvImEIic conus
amd  fympanic membrane were vemoved.
[n each of several amimals the maditory

bualla  was openss]  carciully with  small
TONESUrs. Thiz eXPORUrE Eave AQodansg o

the homes, moscles, and ligamenis of the
midadle car. Experiments called for the
applicaton of tension w parves of cthe ossic

This deawing illusirates the isolated lelt ear bones of o 7. rrewentus with the lateral view

ular chain and excizion of various struc-
tures =0 that thelr relavive imporiance in
the hearving process could be  assessed.
Fhe resolis of these experiments have
been described in a previoos report {We-
Caormick e al,, 700,
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